A systematic approach is presented for selecting improved fire resistant non-metallic materials for the construction of aircraft passenger seats. Sixty-nine candidate materials were evaluated on the basis of FAA airworthiness burn and smoke generation tests, colorfastness, limiting oxygen index (LOI) and animal toxicity tests. Physical mechanical and aesthetic properties were also included in the evaluations. Parametric considerations are set forth for full-scale testing of aircraft seats constructed of improved candidate materials evaluated in this study and these material options are identified in this study.
INTRODUCTION
HE MAJOR SOURCE of potentially combustible materials onboard commercial widebody jet aircraft are the disposable items brought on the aircraft by passengers (newspapers, magazines, souvenirs, etc.) and the non-metallic components of the interior of the aircraft such as the passenger seat, carpet, drapes and panels.
These non-metallic materials which comprise an aircraft's interior must be evaluated as to their thermal characteristics such as burn and smoke, heat release, and toxic gas production. The aircraft passenger seat represents the largest source of potentially combustible materials in the interior of the aircraft varying from a 1,650 Kg to 3,000 Kg in contemporary wide body jet aircraft. Modern day wide-body jet aircraft have from 275 to 500 passenger seats. The modern aircraft passenger seat provides many functions other than those of the seats used in earlier aircraft (Figure 1 ). Figure 1 is typical of the passenger seats used in the DC 3 and DC 4. The modern aircraft passenger seat (Figure 2 ) is engineered for comfort and convenience, is compact and well suited for close-pitch, high-density operation, is lightweight, and of rugged construction. Due to the multicomponent aspect of an aircraft passenger seat's construction and the wide range of candidate materials (foam cushion, fabric covering and thermoplastic) a logical test sequence had to be established in order to evaluate materials that would have fire resistivity levels above and beyond base line materials. Therefore, criteria such as FAR 28.854 burn and smoke tests were established as a go or no go criteria. If materials failed FAR 28.853 burn and/or smoke test they immediately dropped from the program (Fig. 3 ). The screening test program (Fig. 3 ) can be divided into three parts: (a) thermal testing, (b) performance testing, and (c) advanced tests (toxicity, heat release rate and flash fire propensity testing). In addition to these requirements commercial availability by the 1980's has to be met by all candidate materials. Such a structured materials screening program as this has resulted in improved fire resistant material options for aircraft passenger seat manufacturers.
EXPERIMENTAL METHODS

Experimental analyses presented in this study were conducted at
McDonnel-Douglas Corp., Long Beach, California, under contract NAS2-9337. Screening tests (Fig. 3 ) were selected based on reasonable fire threat levels in order to identify the types of properties related to in-flight fire situations. Materials were classified on the basis of anticipated end use in seat design and construction. Materials were categorized as: (1) decorative fabric coverings, (2) fireblocking layers, and (3) cushioning layers. Classification of materials was made based on screening and performance test data as well as on other criterial such as raw material availability, available thickness, and manufacturing limitations. All materials (Table 1) were first screened in accordance with current FAA burn requirements. The combination of screening tests used ( Table 2 ) represents significantly higher fire resistance performance criteria than current laboratory test standards imposed on aircraft seat materials. A modified version of the FAA airworthiness burn test (FAR 25.8536) took into consideration materials that melt or drip; such melting or dripping effectively removes the sample from contact with the flame, thus reducing the exposure time. The vertical burn test (equivalent to DNIS 1511 l and FTMS 191 No. 5903) is a standard 12-sec vertical burn test which was modified only as to how the sample was secured. Each specimen was clamped in such a manner that the back surface was in direct contact over the entire surface with a single layer of MI L-C-9084 glass fiber cloth. This Tables 3,  4 , and 5 and fire retardant additive persistence tests are reported in Table 6 .
Candidate materials were tested for weight loss by standard procedures of thermal gravimetric analysis. Data were obtained using a Du-Pont Instruments Division Thermal Analyzer. Samples (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) mg) were introduced into the sample dish and pyrolyzed at a heating rate of 20°C/min in dry air at a flow rate of 75 ml/min. Rates of weight loss versus temperature were recorded. Samples were pyrolyzed in this manner until no further weight change was detected (Figures 4 -6) .
Performance tests used to assess the mechanical and physical properties of candidate materials are presented in Table 7 . These tests were performed by the material suppliers and results were submitted with the samples. Performance test criteria were selected in order to ensure that materials passing these requirements would be equal to or better than current seat materials.
EVALUATION OF PRODUCTS OF COMBUSTION
The equipment used for evaluating the pyrolysis and combustion products generated by candidate seat materials was essentially a modification of the apparatus employed in a study by Gaume [3] . It consisted of a test chamber made of rectangular glass and had a plexiglass lid.
The exercise wheel and drive mechanism, electrical power leads, radiation heat shield, gas sampling, and thermocouple tube feed-through lines (Figure 7 ) were attached to the plexiglass lid. The chamber was sealed with a silicone rubber gasket and the lid secured with clamps.
Each test subject (mouse) was held in place inside the exercise wheel with a transparent plexiglass disc. A modification was found to be necessary because the test subject tended to ride the hardware screen lid previously used in the free-turning wheel tests.
A final assembly is shown in Figure 8 . Power leads from a 110 V a.c. variac transformer wired in series with an a.c. ammeter and in parallel with a voltmeter were connected to the external leads on the chamber Swiss albino male mice of the Webster strain weighing 25-37 g were used for most of the tests. Several initial tests were conducted with mice of mixed breed and unknown strain. If f thir range of 1-2 g, material samples were weighed within ±0.1 I mg. The tare weight of the heating coil and pyroiysis tube was recorded for each run-so that the quantity of material pyrolyzed into the 5.3liter free volume of the chamber was calculated after the conclusion of each test run, to determine the efficiency and repeatability of the pyrolysis.
The toxic endpoints selected for these tests were time to incapacitation T, and time to death Td. With rare exceptions, T, was determined to a precision of about one revolution of the exercise wheel (10 sec), and Td was determined on the basis of time to cessation of breathing.
Measurements of internal temperature and oxygen residual associated with thermal decomposition of the samples indicated maximum temperatures of 30°-40°C and oxygen levels above 15%. Therefore, hyperthermia and anoxia were not significant factors in animal mortality, but probably contributed marginally to the Ti determination. Pryor et al.
[4] reported 4-hr lethal temperatures of 49°C (120°F) and an oxygen concentration of 7.5% for mice. Swiss albino male mice, however, have shown less resistance to temperature, averaging 77 min survival time at 40°C (104°F) as reported by Maul et al. [5] .
The test was determined at the end of a 30-min test period if the animal subject survived. These animals were not used in additional testing. Detailed post-test observations and pathological examinations were not made on surviving animals. Within the scope of the 30-min acute exposure procedure, the recorded data were limited to the T, and Td determinations as measures of short-term survivability, rather than a determination of LCS o of LD5 0, which require more testing.
Each animal was acclimated to the powered wheel for a short period (2 min) with air circulating through the chamber prior to a run. The air supply was shut down, and an electronic timer started at the same time the power was applied to the pyrolysis tube heating coil. Input energy was adjusted to 5.3 A which provided a heating profile of about 300°-400°C per minute inside the pyrolysis tube, depending on the quantity and packing density of sample, sample thermal conductivity, decomposition temperature, heat capacity, and orientation. The pyrolysis phase was limited to 200 sec; the temperature inside the pyrolysis tube exceeded 800°C at that time.
Examination of sample residues and weight measurements indicated that practically complete decomposition occurred in the 200-sec heating interval for most materials, as shown by the char yield [6] .
RESULTS AND DISCUSSION
Thirty-nine candidate materials (Table 1) for use in the construction of improved fire resistant aircraft passenger seats were screened ( Figure   3 ) in this study. Due to the number of candidate materials and the developmental nature of this study it was necessary to designate baseline materials. The baseline materials screened are representative of materials currently in use on aircraft. The baseline fabric consisted of 90% wool and 10% nylon that had a density of 457 g/m2; the baseline cushioning material was a fire retardant treated urethane foam with a density of 0.03 g/cm ~ .
The decorative fabric covering is generally the first component of the seat to be subjected to the heat flux from a fire. The decorative fabric covering must be appealing to the eye and must meet a wide variety of requirements such as colorfastness, resistance to ignition, low flame spread, and good wearability. Due to these requirements it was necessary to establish mandatory criteria in comparing the various materials and their suitability for utilization in specified components of seat construction (for example decorative fabric or cushioning foam). The first level of importance in considering candidate materials for decorative fabric covering applications is (1) colorfastness, (2) color availability, (3) FAA burn and smoke tests, (4) resistance to ignition, and (5) low flame spread. Heat release was not considered to be of first level of importance due to the small mass of fabric distributed in the seat.
On the basis of the mandatory requirements listed in Table 6 , the following materials were eliminated as unsuitable for use as decorative fabric materials due to fading: (1) 100% cotton double knit (sample No. 102) (this fabric also showed poor abrasion resistance in performance testing; (2) (FAR-25.853 (b) ) and the urethane coated nylon fabric was at low tear strength and was not available in a sufficient number of colors. Subsequently they were eliminated for consideration as decorative fabric materials.
The fabric samples that met the mandatory requirements for application as decorative fabric coverings ( Table 1 ). The toxicity of these materials on a compar-ative basis (Table 3 and Figure 9 ) was lower than that of the baseline material. These three fabric materials are currently in use as upholstery materials in aircraft passenger seating. It is of interest to note that nomex, which is not colorfast but is aesthetically appealing is utilized in airline seat upholstery. The fire blocking layer is a new aircraft seat design concept ( Figure  10 ) and is designed primarily to function as a thermal barrier; it is not, however, intended to compensate for cushioning materials that do not meet fire resistivity levels set forth in the screening test criteria of this study. A fire blocking layer would accomplish the following: (1) insulate, to delay the involvement of foam cushion in the fire situation, (2) provide mechanical enhancement of the tear strength of the foam cushion, and (3) provide a smooth sliding surface which facilitates the ease or removal or installation of the decorative fabric cover. To be considered for fire blocking applications, a material must pass the Pill ignition test in which the fabric must demonstrate a resistance to flame spread and a slow rate of heat release.
All candidate materials for fire blocking applications passed the FAA burn and smoke requirements. These materials showed good resistance to flame spread and passed the ignition test.
Polybenzimidazole materials (fabric and batting Nos. 204 and 205) Figure 10 . Fire blocking la yer sea t design concep t. and a proprietary material known as Black Batting (No. 206) showed excessive shrinkage and produced highly toxic gases upon pyrolysis, as evidenced in our animal toxicity studies (Figure 11 and Table 4 ). I n the case of polybenzimidazole (PBI) we attribute the shrinkage problem and toxicity to the nature of the sample; namely, the PBI fibers were natural and unstabilized rather than acid stabilized. The supplier of the PBI material is expected to supply acid-stabilized PBI material in the near future for evaluation in another study. Because of its proprietary nature, not much is known about the Black Batting material; however, the material produces a highly potent toxic gas upon pyrolysis, as evidenced in our animal toxicity studies (Figure 11 and Table 4 ), it was therefore dropped from the program. The kynol batting material (on polyester scrim needed punch) sample No. 203 (Table 1) proved the best all-around fabric in both screening and performance testing (Table   7 ). In general, the kynol fabrics show a longer time to subject incapacitation than any of the synthetic fabrics, based on animal toxicity studies ( Table 4 ).
The neoprene interliner called vonar No. 3 [7] performed well in the screening tests and in the animal toxicity studies, but in the area of smoke generation there is room for improvement.
Of the 11 candidate materials for fire-blocking-layer applications, three were suitable. The other materials will be dropped from the program. The three materials that met the requirements for a fire blocking layer material (Table 4 and Figure 9 phase will involve continued testing to ascertain and identify the contribution of the fire-blocking layer to the enhancement of the fire resistivity (flame penetration, insulation, etc.) of the seat. Cushioning materials make up over half the weight of nonmetallics in an aircraft passenger seat. From the standpoint of flammability, polymeric foam materials present quite a challenge. The enhancement of fire resistivity of polymeric foams is a problem because of their rather large surface area for the potential initiation of combustion. Resistance to ignition was the primary mandatory requirement for aircraft seat cushioning material candidates (Table 8) . Heat release rate, development, and toxicity are of the first level of importance due to the amount of cushioning material used in aircraft passenger seats.
Of the nine cushioning materials, only four met dimensional criteria of being available in thicknesses from 7.6 cm (3 in.) to 10.2 cm (4 in.). They were the urethane baseline foam (No. 306), glass fiberblock foam (No. 300), HL neoprene foam (No. 307), and neoprene foam called Koylon Fire Foam (No. 308). The neoprene foam (No. 308) was dropped from the program due to smoke generation levels that exceeded the recommended limits of FAR 25.853 (b) ( Table 5 ). The other cushioning materials, although not available in the required thicknesses, could possibly be built to greater thicknesses by plying them or by using them in multilayer cushion constructions. Of all the cushioning materials tested, the glass fiberblock tested far above the baseline urethane foam and the other cushioning layer candidate materials. The glass fiberblock material did not ignite at all in the Pill test ASTM D 2859 and had the lowest NBS smoke generation value ( Table 5 ). The H L neoprene foam (No. 307) was the next best cushioning material but there is room for improvement in the area of smoke production. H L neoprene was also low in toxicity (Figure 12 ). A rather heavy flexible urethane foam (0.2 g/cm3, sample No. 302) and a neoprene foam (sample No. 308) were dropped from the program because they failed the recommended limits for smoke generation (Table 5 ). The silicone foam (Nos. 304 and 305) and the HL neoprene foam tested to FAA burn and smoke requirements; their only disadvantage is their density. The low toxicity values of the silicone foam's pyrolysis products in our animal toxicity studies (Table 5 and Figure 9 ) justify further study of these materials. The polyphosphazene APN foam (No. 307) was quite toxic in terms of time to incapacitation in our animal toxicity studies ( Figure 10 ) and appeared weak mechanically ; the sample was dropped from further consideration in this study. Table 8 lists the candidate materials that met all the mandatory requirements for utilization in various aircraft seat components.
CONCLUSIONS
This study has attempted to critically ascertain the thermal response characteristics or fire resistivity of each component of an aircraft passenger seat. A data base has been constructed for a wide range of candidate fire resistant seat materials from which material selections have been made for incorporation in the next phase of this developmental program.
The criteria established in this program were in some cases at a higher level than standard tests. The modified burn test for materials that melt or drip, and by so doing are removed from the flame, and the Pill test for cushioning or foam materials, represent a higher seat material standard than current FAA requirements. The baseline fabric and foam in current use were entirely consumed during the modified burn test. The modified burn test more closely represents a combined material (fabric on foam) and is more in accord with an actual fire situation.
Some of the materials tested were still in the developmental state and the possibility exists that their thermal characteristics can be improved by making minor modifications in their formation. New materials that are being developed that are advantageous to the development of improved fire resistant aircraft passenger seats and meet the time constraints (commercial availability by 1980) will continue to be evaluated in the next phase of this program.
